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In this study, a hybrid composite of bamboo/Kevlar K29 with 
epoxy matrix has been developed with different staking 
sequences. The variation in mechanical properties, such as tensile, 
compressive and flexural of composite due to variation in staking 
sequence is analysed and presented. From the analysis, it is 
observed that the sandwich composite with Kevlar laminates at 
both the ends exhibits better tensile and compressive properties 
and on the other hand, the composite with both the bamboo layers 
on the upper side displays better flexural properties. 
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Staking sequence 
Owing to the high price, depletion of natural reservoir 
and threat to the environment, the researchers, in the 
past few years, are forced to develop environment 
friendly, bio-degradable and recyclable material for 
using as reinforcement in polymer composite 
materials1-5. Natural fibres like bamboo, jute, sisal, 
coir, etc. possess unique properties, which make them 
feasible for application in polymer composites. 
Nowadays these are considered as one of the new 
classes of engineering materials due to its wide range 
of application domains. The interest in this type of 
composite materials is rapidly growing both in terms 
of their industrial applications and fundamental 
research6. Among natural fibres, bamboo fibre, which 
is extracted from bamboo plant, is one of the most 
favourite constituents for using as reinforcement in 
FRP composites. In Asia and South America, it is 
found in large quantities. Chemically, it consists of 
cellulose (73.83%), hemi-cellulose (12.49%), lignin 
(10.15%), aqueous extract (3.16%) and pectin 
(0.37%)7,8. Due to its high cellulose content and lower 
micro-fibrillar angle, it possesses very good 
mechanical properties9. It is quite flexible in its 
applications in composite industries due to its 
structural variation, better mechanical and thermal 
properties, and highly versatile nature of its extraction 
processes10-12. Compared to other synthetic fibre 
composites, the natural composites acquire lower 
modulus, lower strength and relatively poor moisture 
resistance properties. Therefore, in a view to improve 
its properties and develop superior but economical 
composites, these are hybridized with synthetic fibres 
to achieve the best properties of both 13-15. The 
additions of glass fibre to pineapple leaf fibre and 
sisal fibre reinforced polyester have improved the 
mechanical properties of the composite16. The 
hybridization of bamboo fibre reinforced composites 
with glass fibre brought changes to their thermal as 
well as mechanical properties and also improves its 
resistance to the chemicals17-20. 
Further, the interplay hybridization of two different 
fibre laminates helps in preventing the catastrophic 
failure of composite material due to failure of fibre 
with lower elongation properties. Mismatch of 
Poisson’s ratio and coefficient of mutual influence 
between adjacent layers, cause high inter-laminar 
normal and shear stresses at the free edges of the 
laminates. This inter-laminar normal stress can be 
changed from tensile to compressive by changing the 
ply staking sequence, so that opening mode 
delamination can be suppressed 21, thereby improving 
its mechanical properties. In a study, the effect of 
stacking sequence on tensile, flexural and interlaminar 
shear properties of untreated woven jute and glass 
fabric reinforced polyester hybrid composites has 
been presented22. It was found that the composite with 
glass plies at extreme ends exhibited superior 
properties. In another work, the effect of staking 
sequence on woven coir/glass hybrid laminated 
composite was investigated experimentally23. 
Of all the synthetic fibres, the aramid fibre known 
as Kevlar fibre acquire very unique properties. It 
exhibits higher stiffness, lower fibre elongation, 
superior tensile strength and modulus in comparison 
to other synthetic fibres24-31. Different varieties of 
Kevlar with different grades are available. Of these, 
K29 and K49 are most commonly used. For this work, 
K29 is selected because of its cost effectiveness, 
enhanced properties 32 and wide range of industrial 
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and ballistic applications33-35. It also exhibits very 
good high temperature properties for a polymeric 
material. There has been very little work reported in 
the characterization of bamboo and Kevlar hybrid 
polymer composite material. Among the polymeric 
material, epoxy (thermoset) possesses very good 
mechanical properties with low cure shrinkage.  
It consists of an epoxide group (one oxygen and two 
carbon atoms). It is cured by introducing cross linkage 
between the epoxide and hydroxyl groups of adjacent 
chains. This crosslink is achieved by reacting with an 
organic amino or acid compound 36. Since, 
triethylenetetramine (TETA) consists of considerably 
high amount of amine groups, it is selected as a curing 
agent for epoxy in this work. About 10-15% by 
weight of amines or acid anhydrides is mainly used 
for proper curing of epoxy resin36. In this work, an 
attempt has been made to hybridize bamboo fibre 
with Kevlar K29 woven fibre in epoxy matrix 
composite and the effect of stacking sequence of 
composite laminates on mechanical properties like 
tensile, compressive and flexural strength of the 
composite is analyzed and presented. 
 
Experimental 
Fabrication of Composite Specimen 
Plain woven bamboo fibre mat and Kevlar K29 
fabric of GSM 280±20 with bi-directional fibre 
orientation 0o/90o, were used as fibre reinforcement for 
fabricating the composite. Epoxy resin (LAPOX B-11) 
and triethylenetetramine (TETA) were used as matrix 
and hardener respectively. Prior to fabrication, bamboo 
fibre mat was dried in vacuum oven to remove the 
absorbed moisture from it, so that proper wetting of the 
fibre with resin can be achieved. Hand layup method37 
was employed for composite fabrication. The 
composite laminates of the size 400 mm × 400 mm 
were prepared. The epoxy resin and hardener, at a 
proportion of 10:1 by weight respectively, was mixed 
thoroughly till it gets suitably warm. Before moulding, 
the mould release sheet was thoroughly polished to 
obtain a smooth glossy finish and ensure the absence of 
moisture or any other foreign particles. Thereafter, 
waxpol was used as mould release agent for easy 
removal of composite from the mould after curing. 
When the release agent got completely dried, epoxy 
resin in the form of paste was spread on the mould 
sheet with a brush. Bamboo and Kevlar fibres were 
then laid on the resin. Subsequently, the entrapped air 
was forced out by rolling with a roller over the layer of 
fibre in order to prevent the formation of voids inside 
the composite. In the same manner, layers of fibre 
reinforcement and resin were added until the desired 
number of layers was obtained. Fabrication and curing 
of composite sample were done at room temperature 
for 24 h curing time. The composite consists of  
4 layers, 2 each of bamboo and Kevlar layers. The 
concept behind this design is to determine the variation 
in the mechanical properties of the fabricated 
composite samples with the variation in staking 
sequences of the different laminas. The composite 
samples, fabricated with different staking sequences, 
are listed in Table 1.  In all the cases, the fibre volume 
fraction was maintained as 0.4, i.e. Vf = 40%. 
 
Testing 
ASTM D3039/D3039M–00є1, D3410/D3410M–03 
and D 790–03 were used for testing the tensile, 
compressive and flexural properties of the fabricated 
composite samples respectively. The tests were 
performed on Instron 8801 machine, at a strain rate of 
1.5mm/min for tensile and compressive test and 
2.5mm/min for flexural test. Three point bending 
method was used for the flexural test. 
 
Results and Discussion 
Tensile Properties 
The tensile properties of composite samples, with 
different staking sequence, are listed in Table 1. The 
sandwich composite, with Kevlar layer at the ends, 
Table 1 — List of different types of composite samples and their properties 
Matrix Staking sequence 
(composite code 
name) 
Composite thickness 
mm 
Tensile 
strength, MPa 
Compressive  
strength, MPa 
Flexural  
strength, MPa 
Loading face  
(flexural test) 
Top Bottom 
Epoxy BBKK 4 105.16 46.09 150.15 B K 
Epoxy BKBK 4 97.76 47.36 134.68 B K 
Epoxy BKKB 4 104.98 43.52 130.48 B B 
Epoxy KBBK 4 120.81 51.81 128.23 K K 
Epoxy BBBB 6 78.62 64.04 87.07 B B 
Epoxy KKKK 2 182.29 41.67 292.50 K K 
B–Bamboo, and K- Kevlar. 
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exhibits maximum strength. Similar trend is observed 
with woven jute/glass hybrid laminated composite, 
where the composite with glass fibre layer at the end 
surfaces gives superior properties22. 
Figure 1 illustrates the stress-strain curves of 
composites with different staking sequences. The 
curve shows similar pattern, i.e. it is linear up to some 
load and after that, with further increase in load the 
non-linearity of the curve begins. The initial deviation 
from linearity may be due to the beginning of matrix 
cracking and the major change in the nature of curve 
signifies the major cracking of matrix and initiation of 
fibre failure with the increase in applied load. At this 
point, the load carrying capacity of the composite 
decreases and exhibits brittle failure. The tensile 
strength of composite generally depends on the 
strength of fibre, chemical stability of matrix and 
effective matrix-fibre interfacial load transfer38. The 
higher tensile strength of composite with stacking 
sequence KBBK is attributed to better load 
transferring capacity of bamboo fibres with the epoxy 
resin in comparison to that of Kevlar. 
 
Compressive Properties 
Compressive test results for composite samples are 
listed in Table 1. It shows that the composite with 
Kevlar layer at both the ends possesses highest 
compressive strength. This is credited to higher inter 
laminar strength of bamboo fibres. Moreover, due to 
smooth surface debonding of Kevlar fibre39, the 
compressive load transfer capacity decreases when 
both Kevlar laminates are stacked together. 
The compressive stress-strain curve of different 
composite sample is presented in Fig. 2. The curves 
are almost linear upto some point. With the further 
increase in load, the curve starts exhibiting non-linear 
nature. The failure of matrix or fibre may occur after 
this point and the non-linear portion of the curve 
indicates the progressive failure of fibres. Since the 
failure mechanism of all the composite samples are 
same, the curves display almost similar trend. Under 
compressive load, the composite material is generally 
failed with shear crippling and kinking failure  
modes40. In the present experiment, composite is 
failed mainly due to a combination of shear crippling, 
kinking and compressive mode. 
 
Flexural Properties 
The flexural strength of the composite laminate 
measure its resistance to the bending force before 
reaching the breaking point. Table 1 listed the flexural 
test results of composite samples and its change 
owing to variation in staking sequence.  
The composite with stacking sequences BKBK, 
BKKB and KBBK shows almost similar strength. 
But, the composite with BBKK and KKKK sequence 
gives higher strength. The flexural strength of the 
composite laminates under bending load is controlled 
by the strength of the fibre at extreme layers 40. For 
the BBKK composite, under flexural load, the 
bamboo laminate is exposed to compression load and 
Kevlar to tension. Also, from the experimental results, 
it is observed that bamboo possesses higher 
compressive strength and Kevlar gives higher tansile 
strength. As a result, BBKK exhibits higher flexural 
strength in comparison to BKBK, BKKB and KBBK 
composites. On the other hand, in the case of KKKK 
composite, the flexural strength is large due to its 
lower thickness, which is shown in Table 1. The 
 
Fig. 1 — Tensile stress-strain curves of different composite 
samples 
 
 
Fig. 2 — Compressive stress-strain curves of different 
composite samples 
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flexural strength of the composite is inversely 
proportional to the square of its thickness, as shown in 
the following equation: 
σf = 
ଷ௉௅
ଶ௪௧మ
 ...(1) 
 
where P, L, w and t are the maximum bending load, 
span length of the specimen, width and thickness of 
the specimen respectively. 
The flexural stress-strain curve of composite 
samples, with different staking sequences, is shown in 
Fig. 3. All the curves show similar nature i.e. non-
linear in nature. From the curve, it can be observed 
that initially the behaviour of all composite samples is 
close to linear segment, and after the ultimate load, it 
displays an irregular staggered decrease in stress  
due to development of crack on the tension side. 
Bending fractures are mainly found to be concentrated 
near the middle of the specimen, where the load is 
applied. 
 
Conclusion 
In this study, an attempt has been made to 
experimentally investigate the effect of staking 
sequence on tensile, compressive and flexural 
properties of bamboo/Kevlar K29 inter-ply hybrid 
laminated composite material. The following 
conclusions are drawn from the test results: 
 Under tensile and compressive load, the sandwich 
composite with Kevlar layer at both the ends exhibits 
superior properties. This is attributed to higher inter 
laminar strength and load transfer capacity of bamboo 
fibre. 
 On the other hand, the composite with both the 
bamboo layers on the upper side displays better 
flexural strength. 
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